In this study, novel serological tests were used to detect tuberculosis (TB) in groups of farmed red deer (Cervus elaphus) varying in disease status or possible confounding factors. Groups of deer naturally or experimentally infected with Mycobacterium bovis and animals vaccinated against paratuberculosis were studied, as were uninfected animals and animals naturally or experimentally infected with Mycobacterium avium subsp. paratuberculosis. Sera were assayed using two rapid lateral-flow tests, Chembio's CervidTB STAT-PAK and DPP VetTB tests, and results were compared to those from tuberculin skin tests. Both serological tests had a high sensitivity, but specificity was adversely affected after animals had received a vaccine against paratuberculosis and were subsequently skin tested. The specificity of the DPP VetTB test was higher than that of the CervidTB STAT-PAK test, with natural infection with M. avium subsp. paratuberculosis adversely affecting the specificity of only the CervidTB STAT-PAK test. The sera from M. avium subsp. paratuberculosis-infected deer that produced false-positive reactions in the CervidTB STAT-PAK test were retested with a multiantigen print immunoassay (MAPIA), and some of these sera were shown to react with the MPB83 antigen. Combining the results from the serological tests and the skin tests showed only a slight increase in the sensitivity of detection of M. bovis-infected animals. It is concluded that both the CervidTB STAT-PAK and DPP VetTB tests offer rapid, convenient, and easy detection of bovine tuberculosis in deer, albeit with significant interference from paratuberculosis vaccination status and subsequent skin testing. The latter finding illustrates one of the limitations of currently available vaccines against paratuberculosis.
Infections with Mycobacterium bovis in farmed or wild deer continue to be a problem in many areas of the world, and novel, more efficient tests aimed at diagnosis of this disease are needed (1, 5) . One of the main tools used as a diagnostic approach is the skin test procedure using purified protein derivative (PPD) from M. bovis (1) . Unfortunately, the tuberculin skin test in deer has a relatively low specificity, and it is considered prudent to retest skin test-positive animals by using a confirmatory test to avoid the slaughter of false-positive responders (2, 11) . It has been suggested that the high prevalence of paratuberculosis in farmed deer causes the cross-reactivity in the skin test, leading to a high rate of false positives (2, 11) . Alternative detection strategies have been explored, but these alternatives are costly or time-consuming (15, 16, 17 ). An IgG1 enzyme-linked immunosorbent assay (ELISA) for detection of tuberculosis (TB) in deer has been developed, but results were confounded by infection with Mycobacterium avium subsp. paratuberculosis, the causative agent of paratuberculosis (12) . Vaccination against paratuberculosis also confounds tests for TB in deer (13) , and it is important to assess whether the use of any new serological tests may circumvent this problem. The proportion of false positives is likely to increase with the decreasing prevalence of M. bovis-infected deer herds in various parts of the world, as improved strategies to control TB in these animals are implemented. Hence, the development of novel tests with enhanced specificity is imperative for more accurate detection of bovine TB in deer.
The CervidTB STAT-PAK lateral-flow test (Chembio Diagnostic Systems, Inc., Medford, NY) has been evaluated using a number of different species of free-ranging wild deer (3, 9, 14) . Although the test showed a high sensitivity for detecting M. bovis infection, it is not clear whether the test specificity is affected when testing sera from M. avium subsp. paratuberculosis-infected deer. More recently, a new point-of-care test for bovine TB that uses the innovative dual-path platform (DPP) technology has been designed by Chembio. The DPP VetTB test was demonstrated to have the potential for enhanced specificity (4). These rapid tests have practical advantages over other diagnostic tools, as they are easy to perform and can be undertaken on the farm and results are obtained typically within 20 min (9) .
The aim of the present work was to assess the performance of the two new Chembio tests in a blind, coded study by using serum samples from various groups of red deer (Cervus elaphus), including animals naturally or experimentally infected with M. bovis, as well as animals infected with M. avium subsp. paratuberculosis or vaccinated against paratuberculosis. Our data suggest that the serological assays may be useful in the rapid and accurate diagnosis of TB in deer but that vaccination against paratuberculosis may be a confounding factor.
MATERIALS AND METHODS
Animals. Sera were obtained from four different red deer studies. The groups of animals included for testing are described in Table 1 . Group 1 consisted of 24 deer of various ages which were naturally infected with M. bovis (M. bovis culture confirmed). The animals were sourced from three farms on South Island, New Zealand, which TB was present. Twenty-two animals had gross tuberculous lesions detected following slaughter, and M. bovis was isolated from lesions or pooled lymph nodes (head, thoracic, or intestinal lymph nodes) from all 24 of these animals. Blood samples were collected 2 weeks after a midcervical tuberculin skin test (MCT). Group 2 consisted of 15 deer of various ages, naturally infected with M. avium subsp. paratuberculosis (culture confirmed) and sourced from a single herd which had no history of M. bovis infection. These animals had not been skin tested prior to collection of blood samples. Group 3 consisted of 32 rising-one-year-old female deer experimentally infected with M. avium subsp. paratuberculosis using a method previously described (12) . The weaner deer were sourced from a farm that had no confirmed cases of TB or clinical cases of paratuberculosis and that had supplied weaner deer for experimental purposes for the past 20 years. M. avium subsp. paratuberculosis was isolated from the mesenteric lymph nodes of all 32 of these animals. Blood samples were collected 2 weeks after a comparative cervical test (CCT) and 49 weeks after experimental infection.
The deer from group 4 consisted of 60 3-month-old, newly weaned deer sourced from a property with no history of TB or paratuberculosis. These animals were randomly divided into two groups, with one group receiving a 1-ml subcutaneous injection of a commercially available whole-cell paratuberculosis vaccine containing killed M. avium subsp. paratuberculosis with a mineral oil adjuvant (Silirum; Pfizer Animal Health Limited) and the other group remaining unvaccinated. The animals were transferred to a farm with an animal containment facility and were grazed together for the next 5 months. At week 20, each group was subdivided into two subgroups of 15 animals. One vaccinated subgroup and one nonvaccinated subgroup were challenged with M. bovis as described previously (10) . Briefly, a 0.2-ml volume containing 500 CFU of M. bovis was deposited into the left tonsillar crypt of an anesthetized deer. The subgroups 4A and 4C, which had not been infected with M. bovis, were grazed together on one area of the farm, while the subgroups 4B and 4D, experimentally infected with M. bovis, were grazed together on another area of the farm. Two animals were excluded from the study; one from group 4A died as a result of an accident, and one from group 4B remained uninfected with M. bovis. For the remaining 29 animals from groups 4B and 4D, M. bovis was isolated from gross lesions or pooled lymph nodes (head, thoracic, or intestinal lymph node samples) collected at necropsy at 27 weeks after the experimental challenge with M. bovis. No M. bovis was isolated from pooled lymph nodes of the nonchallenged deer (groups 4A and 4C). Blood samples were collected at three time points in the trial: (i) immediately prior to challenge with M. bovis; (ii) 14 weeks after M. bovis challenge, 2 weeks after an MCT; and (iii) 26 weeks after M. bovis challenge, 2 weeks after a CCT. Blood samples from the various studies were collected and serum separated, and sera were stored at Ϫ20°C until the serological tests were undertaken.
Necropsy and bacterial culture. Animals were examined for the presence of tuberculous lesions following slaughter. For bacterial culture, samples were collected from gross tuberculous lesions, or if no lesions were observed, pools of lymph nodes were collected from the head, thorax, and intestinal tract for culture of M. bovis and from the mesenteric lymph nodes for culture of M. avium subsp. paratuberculosis. Detailed descriptions of bacteriological culture for M. bovis and M. avium subsp. paratuberculosis are presented elsewhere (10, 11, 12) .
CervidTB STAT-PAK test. The CervidTB STAT-PAK test is a single-directional lateral-flow serological test which can provide a quick determination of the presence of M. bovis antibody (7, 9) . The test uses colored latex-based lateralflow technology and a cocktail of selected M. bovis antigens, including ESAT-6, CFP10, and MPB83. The test required one drop of serum sample (30 l) and 3 drops of sample buffer, which were added sequentially to the sample pad. Results were read after 20 min. Any visible band in the test area in addition to the control line was considered an antibody-positive result, whereas no band in the test area in addition to the visible control line was considered a negative result. All sera were coded and tested blindly by staff from AgResearch.
DPP VetTB test. The DPP technology involves two nitrocellulose strips which are connected in a "T" shape inside the cassette device (4). This allows independent delivery of the test sample and the antibody-detecting reagent, in contrast to the single-strip format used in the CervidTB STAT-PAK test. The DPP VetTB test required 5 l of serum sample and provided a result in 20 min. The presence and intensity of either of the two separate test lines (MPB83 antigen and CFP10/ESAT-6 fusion protein) were evaluated visually and by a DPP optical reader, as described previously (4) . All sera were coded and tested blindly at Chembio.
MAPIA. A multiantigen print immunoassay (MAPIA) was performed as previously described (8, 9) . The panel of M. bovis antigens included ESAT-6, CFP10, MPB59, MPB64, MPB70, MPB83, the 16-kDa protein, the 38-kDa protein, two fusion proteins comprising CFP10/ESAT-6 and the 16-kDa protein/MPB83, and two native antigens, bovine PPD and M. bovis culture filtrate.
Skin testing for TB. An MCT was undertaken by injecting 0.1 volume containing 0.1 mg (5,000 IU) bovine PPD tuberculin (AsureQuality, Upper Hutt, New Zealand) intradermally into the midsection of the neck. The skin test was read by comparing the double skin thicknesses with a digital caliper at 0 and 72 h after injection. A positive result was an increase in skin thickness of Ն2 mm. The CCT used 0.1-ml intradermal injections of 5,000 IU bovine PPD and 2,500 IU avian PPD (AsureQuality) at two closely clipped sites on the neck, with double skin thickness measurements taken prior to injection and 72 h later. A positive result was defined as an increase in the skin thickness at the bovine PPD injection site minus an increase in the skin thickness at the avian PPD injection site of Ն2 mm. The schedule of the skin testing is indicated in "Animals" above. When the CCT was undertaken, the result for the MCT was calculated using the bovine PPD component of the CCT.
Statistical analyses. The test sensitivity was determined by dividing the number of M. bovis culture-positive, test-positive animals by the total number of M. bovis culture-positive animals, with the result expressed as a percentage. The test specificity was determined by dividing the number of TB-free, test-negative animals by the total number of TB-free animals, with the result expressed as a percentage. The proportions used for calculating the sensitivities and specificities of the two serological tests were compared using Fisher's exact test. The 95% confidence limits for the findings were calculated using Minitab 15.1.0.0 (2006).
RESULTS

Serological tests.
The diagnostic performances obtained with the different treatment groups are shown in Table 2 . The overall sensitivities of the two lateral-flow serological tests were similar, although the specificity of the DPP VetTB test (91.4%) was slightly higher than that of the CervidTB STAT-PAK test (83.8%). The specificity of the CervidTB STAT-PAK test was compromised for animals experimentally and naturally infected with M. avium subsp. paratuberculosis, whereas the specificity of the DPP VetTB test was adversely affected only for animals experimentally infected with M. avium subsp. paratuberculosis. The only significant difference between the results for the two serological tests was for the specificity of deer naturally infected with M. avium subsp. paratuberculosis, where the DPP VetTB test had a significantly lower proportion of false-positive reactions than the CervidTB STAT-PAK test (P Ͻ 0.05). Test performance in deer vaccinated against Johne's disease. To dissect the impact of vaccination against paratuberculosis on the specificity of the serological tests, vaccinated and nonvaccinated subgroups were compared (Table 3) . For both serological tests, the number of false positives among the TBfree deer calves vaccinated against paratuberculosis (group 4A) increased from zero or one of the 14 animals before any skin tests (20 weeks after vaccination and immediately prior to the time of M. bovis challenge) to nine of 14 at 2 weeks following the CCT (26 weeks later). In contrast, for group 4C deer, which had been neither vaccinated nor challenged, the number of false positives increased only slightly, from zero or one of the 15 animals prior to any skin tests to zero or three by 2 weeks following the CCT. These two subgroups of animals were kept separate from those challenged with M. bovis, and M. bovis was not cultured from any pooled lymph nodes of these animals collected at necropsy. We cannot exclude the possibility that some of these animals were naturally exposed to environmental mycobacteria during the latter part of the study, although no other Mycobacteria sp. was isolated from their tissues on medium suitable for M. bovis and M. avium, which is also suitable for the isolation of most common environmental mycobacteria.
MAPIA.
The sera from 16 animals from groups 2 and 3, which had been infected with M. avium subsp. paratuberculosis and had false-positive reactions in the CervidTB STAT-PAK test, were further evaluated by MAPIA to identify M. bovis antigens that may have been associated with these reactions. The MAPIA did not show any responses to recombinant antigens in sera from deer naturally infected with M. avium subsp. paratuberculosis, although there were some bands with M. bovis culture filtrate (data not shown). However, there was some MPB83 and MPB70 (and 16-kDa protein/MPB83) reactivity in the experimentally infected group, as shown in Fig. 1 . response alone), while all were negative in the CCT, with the avian PPD responses greater than the bovine PPD responses for all animals. The results of the skin tests for group 4 animals are shown in Table 3 . For deer vaccinated against paratuberculosis but not challenged with M. bovis (group 4A), all or the majority of the animals reacted false positively in the skin test at 12 and 24 weeks after M. bovis challenge, while only one false-positive response was observed in the CCT at 24 weeks after M. bovis challenge. The MCT correctly identified all of the M. bovis-infected animals which had also been vaccinated against paratuberculosis (group 4B), but the CCT correctly identified only 5 of 14 at 24 weeks after M. bovis challenge. Both the MCT and the CCT correctly identified all of the M. bovis-infected and noninfected deer which had not been vaccinated (groups 4C and 4D).
DISCUSSION
The MCT is the primary screening test for diagnosis of TB in deer in New Zealand, but there are problems when animals are vaccinated against or infected with M. avium subsp. paratuberculosis (12, 13) . As seen from the results of the current study, the majority of the TB-free animals which were vaccinated against paratuberculosis or experimentally infected with M. avium subsp. paratuberculosis reacted in the MCT, producing false-positive reactions. When the CCT was used as a confirmatory test, only one of the 14 vaccinated animals which was not infected with M. bovis produced a false-positive result, but when the CCT was used on animals vaccinated against paratuberculosis and subsequently infected with M. bovis, only five of 14 animals were correctly identified as M. bovis infected. The false-negative reactions resulted from boosting of immune responses to avian PPD. There were no false-positive reactions in the CCT for the 32 deer experimentally infected with M. avium subsp. paratuberculosis.
The current study was aimed to test the suitability of two rapid serological tests to serve as confirmatory assays for the diagnosis of TB in deer in the face of confounding problems such as vaccination against or infection with paratuberculosis. The two serological tests had the same sensitivity as that found for the MCT (75%) in deer naturally infected with M. bovis. Combining the skin and serological test results produced a small improvement in sensitivity, but the specificity of this approach was compromised due to the high rates of skin test false-positive reactions. The sensitivities of the serological tests were highest in the group of animals experimentally infected with M. bovis.
The DPP VetTB test demonstrated a higher specificity than did the CervidTB STAT-PAK test when evaluated in deer naturally infected with M. avium subsp. paratuberculosis. It should be acknowledged, however, that blood samples from these animals were not collected in association with skin testing. Skin testing may boost cross-reactive antibody responses in deer naturally infected with M. avium subsp. paratuberculosis, possibly resulting in some false-positive responses in the DPP VetTB test. Sera need to be collected following skin testing from these types of animals and assayed using the DPP VetTB test to determine whether this is the case. The specificities of the two serological tests for deer vaccinated against Johne's disease were relatively poor, and the number of false-positive responses increased markedly following the CCT. The high number of false-positive responses in the group only vaccinated against Johne's disease (group 4B) at the final bleed is likely to have resulted from the boosting of antibody levels following skin testing with bovine PPD. It is recognized that tuberculin testing can boost antibody responses to certain mycobacterial antigens in M. bovis-infected animals (6, 7, 19) . These results reemphasize the limitations of the currently available vaccines against paratuberculosis when confirmatory serological tests for bovine TB are used following skin testing. The MAPIA revealed that some of the sera from deer experimentally infected with M. avium subsp. paratuberculosis which produced false-positive responses in the CervidTB STAT-PAK test reacted with MPB83, a key antigen in the specific antibody detection during M. bovis infection (7, 9) . This unexpected finding is difficult to explain, because the MPB83 protein is not produced by M. avium subsp. paratuberculosis (19) and it remains unclear how this antigen could elicit antibody responses in deer with paratuberculosis. A possible explanation of why only some of the sera that produced false-positive responses in the lateral-flow tests reacted with MPB83 in the MAPIA was that the MAPIA detects only IgG, while the two lateral-flow tests detect IgG and IgM. We cannot exclude the possibility that some of the false-positive responses in the TB-free deer were due to exposure to environmental mycobacteria, such as M. kansasii, which has been shown to produce MPB83 protein and confound serological tests for M. bovis infection (18) .
The CervidTB STAT-PAK test has previously been evaluated using deer, and the test sensitivities were comparable to values determined in the current study, i.e., sensitivities of 85.7% (3) for wild deer in the United Kingdom and 54.5% (14) and 75% (9) for white-tailed deer in the United States. In the absence of apparent confounding factors, the test specificities were higher than those in the current studies, ranging from 94.8 to 98.9% (3, 9, 14) . There may be differences in sensitivity between species of deer due to different affinities of test reagents with antibodies from these deer, especially between Old World Cervus sp. and New World Odocoileus sp. Numerous factors need to be taken into account when determining the optimal test to diagnose TB in deer. These factors include cost, availability, ease of use, reproducibility, and emphasis of the test procedure on high sensitivity or high specificity, ideally both. The animal-side serological tests have opened new avenues for the rapid, efficient, and accurate determination of TB status in a variety of veterinary species (4, 9) and could have particular application as an on-farm TB confirmatory test or an animal-side test for captured wild deer. Their use on the farm could reduce the number of farm visits and thus substantially reduce costs and accelerate the decisionmaking process.
Given the current situation with farmed deer, novel serological tests should be aimed at providing results with a high degree of specificity, inasmuch as the MCT will continue to be used as the primary screening tool and serology as a secondary test in countries such as New Zealand. The present study has shown that paratuberculosis vaccination or M. avium subsp. paratuberculosis infection status can affect the diagnostic accuracy of the two lateral-flow serological assays, although improved specificity could be achieved with the DPP VetTB test. Confounding factors, such as infection with Johne's disease or exposure to environmental mycobacteria, may be less of a problem in countries with lower M. avium subsp. paratuberculosis prevalences and/or in the use of serological tests for recently captured wild deer, where potentially cross-reactive immune responses would not be boosted by skin testing.
